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Cell migration is central to a multitude of physiological processes including 
embryonic development, immune surveillance and wound healing, and deregulated 
migration is key to cancer dissemination. Decades of investigations have uncovered 
many of the molecular and physical mechanisms underlying cell migration. Together 
with protrusion extension and cell body retraction, adhesion to the substrate via 
specific focal adhesions points has long been considered an essential step in cell 
migration. While this is true for cells moving on two-dimensional substrates, recent 
studies have demonstrated that focal adhesions are not required for cells moving in 
three dimensions, where confinement is sufficient to maintain a cell in contact with its 
substrate. Here, we review the investigations that have led to challenging the 
requirement of specific adhesions for migration, discuss the physical mechanisms 
proposed for cell body translocation during focal-adhesion-independent migration, 
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The ability to crawl is one of the most striking cellular behaviors. Crawling migration 
is displayed by the vast majority of animal cells, both in culture conditions and in 
vivo, and by a number of unicellular organisms such as amoeba. A key question, 
which has been underlying decades of studies in search of the mechanisms driving 
migration, is how cells generate propelling forces and how these forces are 
transmitted between the cell and the substrate to effect cell body translocation.  
 
Classical models describe cell migration as a canonical three-step process: extension 
of the cell leading edge in a protrusion called lamellipodium, attachment of the 
leading edge to the substrate and contraction of the rear with resolution of the 
adhesion sites. This three-step cycle was first described by Michael Abercrombie as 
“an attempt to see what a general physiology of cell crawling might look like” 
(Abercrombie 1980), and summarized a decade of observations of crawling motility 
in different experimental systems. Following this pioneering description, thirty years 
of studies dissected the molecular and physical mechanisms of each of the steps of the 
migration cycle (Danuser et al 2013, Gardel et al 2010, Webb et al 2002).  
 
The conceptual framework used by Abercrombie was based on morphological 
observations of fibroblasts migrating on glass coverslips (Abercrombie 1980, 
Abercrombie et al 1970b), and in the following 20 years, migration studies 
overwhelmingly focused on cells crawling on 2-dimensional (2D) substrates. Yet, 
most cells in vivo migrate in three-dimensional (3D) confinement. As investigations 
of cell migration in 3D environments expanded over the last two decades, it became 
increasingly clear that while some aspects of the Abercrombie three-step cycle are 
conserved in 3D, the mechanisms underlying migration can also significantly differ 
from their 2D counterparts (Even-Ram & Yamada 2005, Friedl & Brocker 2000). One 
fundamental difference is the requirement for substrate attachment. Indeed, while on a 
2D substrate, in the absence of attachment, Brownian motion would preclude 
sustained contact between the cell and the substrate and thus make effective force 
transmission impossible, in 3D, confinement counteracts Brownian motion and 
secures surface contact (Figure 1) (Friedl et al 2001). This realization led many 
investigators to question whether specific attachment points, usually mediated by 
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integrin-based focal adhesions on 2D substrates, were required for cell propulsion in 
3D. Recently, several papers unambiguously showed that in 3D confinement, 
migration is possible without the formation of integrin-based attachments and started 
exploring conditions where this type of movement could occur in vivo (Bergert et al 
2015, Lammermann et al 2008, Liu et al 2015, Ruprecht et al 2015). At the same 
time, biophysical studies proposed several mechanisms for how propelling forces 
could be generated during specific adhesion-independent migration, and what the 
magnitude of such forces would be (Bergert et al 2015, Hawkins et al 2009, Hawkins 
et al 2011, Tozluoglu et al 2013). In the past 8 years, adhesion-independent migration 
has emerged as a possibly common, though still poorly understood, migration mode. 
 
In this article, we summarize our current understanding of cell migration in the 
absence of focal adhesions. We first summarize the studies that led up to questioning 
the requirement for specific adhesions in 3D migration. We then review the different 
contexts where adhesion-independent migration has been reported and discuss under 
which conditions migration without focal adhesions is likely to arise. We present the 
different physical mechanisms proposed for force generation and transmission during 
this migration mode. Finally, we compare focal adhesion-independent migration to 




Challenging the requirement of specific adhesions for migration  
 
Force generation during adhesive migration 
 
Historically, the key observation that underlied hypotheses for force generation in the 
Abercrombie model was that particles placed on the dorsal leading edge of a cell 
migrating in 2D undergo retrograde movement from the tip of the lamellipodium to its 
base (Abercrombie et al 1970a). At this time neither the nature of the force that drives 
the particles backward, nor the receptors mediating cell-particle adhesions were 
known. Nevertheless the authors hypothesized that the same force that drives the 
particles backward might move the cell forward - provided the lamellipodium is 
anchored to the substrate. The following decades revealed that the lamellipodium is 
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generated, maintained and dynamized by treadmilling arrays of actin filaments.  
These generate a continuous retrograde flow of material. As actin polymerizes at the 
tip of the cell (Glacy 1983), the force of monomer addition at the leading edge of the 
plasma membrane drives filaments towards the cell center and thereby generates the 
potential force to drive surface receptors backwards – leading to retrograde particle 
movement and forward translocation of the lamellipodium. A complementary force 
component originates from myosin II-mediated actomyosin contraction behind the 
lamellipodium, which generates pulling forces further driving actin filaments towards 
the cell center (Henson et al 1999, Medeiros et al 2006). 
 
These actomyosin-generated intracellular forces are coupled to the substrate via 
transmembrane receptors, mainly of the integrin family. The coupling does not 
happen in a direct interaction. Instead there is a hierarchy of “clutch” molecules, 
which form a sliding interface between actin and the substrate-bound integrin. The 
clutch concept, which was introduced by Mitchison, Kirschner (Mitchison & 
Kirschner 1988) and Forscher (Suter et al 1998) was not only a useful analogy, but 
also turned out to be reflected in the molecular organization of the adhesion 
complexes, where the components between actin and integrin are horizontally 
stratified (Kanchanawong et al 2010) and move differentially when traction forces are 
exerted on the adhesion point (Case & Waterman 2015, Hu et al 2007). Actin and 
adhesion dynamics must be precisely coordinated to ensure effective force 
transmission, and multiple molecular and mechanical feedback loops contributing to 
this coordination have been identified (reviewed in (Gardel et al 2010)). This 
exquisite level of understanding shows that today, the mechanistic basis of crawling 
adhesive migration is a very mature field.  
 
Mesenchymal versus amoeboid motility 
 
The mechanisms of cell migration within Abercrombie’s three-step-cycle framework 
have mostly been investigated in mesenchymal and epithelial cells. This is somewhat 
paradoxical, as in these cells locomotion itself is difficult to study because cell body 
translocation happens at a much slower timescale than leading edge dynamics. A 
notable exception are fast moving epithelial cells like fish keratocytes, where the 
cellular structure is dominated by a large lamellipodial array, while the cell body can 
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be seen as an annex that is dragged by the lamellipodium (reviewed in (Rafelski & 
Theriot 2004)). While a powerful model, keratocytes appear to represent a rather 
specialized migratory sub-type where locomotion is dominated by lamellipodia and 
adhesion dynamics. Other extensively studied migrating cells, such as fibroblasts, 
keratinocytes, endothelial cells, and some cancer cells, display mesenchymal 
morphology and actomyosin dynamics comparable to keratocytes but their 
locomotion is often considerably slower (Friedl et al 1998b, Pankova et al 2010). As a 
result, the investigations of molecular details governing force generation and 
transmission in these cells became partially uncoupled from the issue of how all this 
contributes to actual cell movement. For example, ablation of lamellipodia by 
interfering with the actin assembly machinery does not necessarily abolish the 
migratory capacity of cells (Gupton et al 2005, Suraneni et al 2012, Wu et al 2012), 
suggesting that rather than driving migration, the lamellipodium might act as a 
sensing or steering device, while the forces actually propelling the cell are generated 
elsewhere (Cramer 2010).  
 
The divergence of studies of lamellipodia and adhesion dynamics, and actual cell 
motility is especially obvious when considering parallel investigations of the 
locomotion of leukocytes, which display much faster velocities than typically 
observed for mesenchymal cells (Friedl et al 2001). Investigations of leukocyte 
motility tend to be more focused on actual locomotion, because due to faster 
migration, morphological and molecular dynamics are easier to correlate with cellular 
translocation than is the case for mesenchymal cells. Migrating leukocytes are 
characterized by a rounded cell shape, weak cell-substrate adhesion and constant cell 
shape changes. These typical morphodynamic characteristics are often described as 
"amoeboid", because they are reminiscent of the shape changes displayed by 
migrating amoeba (Yumura et al 1984). Apart from amoeba and leukocytes (Friedl et 
al 2001, Mandeville et al 1997), various cells in developing embryos (Blaser et al 
2006, Diz-Munoz et al 2010, Trinkaus 1973), and some cancer cells (Rosel et al 2008, 
Sahai & Marshall 2003, Wolf et al 2003, Wyckoff et al 2006) have been shown to 
display amoeboid-like migration in vivo.  
 
Amoeboid cells usually deform independently of adhesive substrate interactions: they 
polarize along a front back axis even in the suspended state, and the first 
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investigations questioning the requirement for substrate attachments for cell 
movement were studies of amoeboid migration. 
 
Amoeboid force transduction by shape change 
 
Long before Abercrombie's observations and the discovery of the cytoskeleton, 
morphological studies of amoeba and lymphocytes led to the idea of gel-sol driven 
motility (De Bruyn 1946, Rösel von Rosenhof et al 1755). In this mechanism, a 
liquefied cytoplasm drives the cellular front, possibly by physical swelling while 
solidification and associated shrinkage retracts the back. Before integrins were 
discovered (Hynes 2004), several investigators hypothesized that locomotion of 
leukocytes in physiological 3D environments is independent of substrate adhesion 
(Armstrong & Lackie 1975, Brown 1982, Haston et al 1982). As the cell-substrate 
receptors were not known, adhesion was tested functionally, by measuring attachment 
of leukocytes to 2D substrates coated with extracellular matrix or to other cells like 
fibroblasts. Locomotion was then measured in 3D scaffolds composed of the same 
molecular or cellular elements. The results showed that even within environments 
with which the cells did not display significant adhesion, leukocytes moved 
effectively and it was hypothesized that traction is mediated by the extensive 
amoeboid shape changes of the cells, which allowed intercalation into the complex 
fiber geometry and could thus provide “footholds” for force generation (see Section 
on Force generation below). 
 
 
Migration in the absence of specific adhesions 
 
Integrin independent locomotion  
 
The studies showing that in 3D gels lymphocytes and neutrophils migrate effectively 
without any measureable adhesiveness to the matrix (Armstrong & Lackie 1975, 
Brown 1982, Haston et al 1982), were at odds with a universal integrin-dependency of 
locomotion. The universality of integrins as force transducers was supported by the 
fact that virtually every mammalian cell has integrins on its surface. The only known 
exception is the erythrocyte, which lacks any migratory capacity. Furthermore, the 
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absolutely detrimental consequences of integrin loss for most cell lineages argued for 
a central importance of integrins (Bouvard et al 2001, Fassler et al 1996, Fassler & 
Meyer 1995, Hirsch et al 1996). Even the recirculation of the low-adhesive cells of 
the hematopoietic lineage was tightly controlled by integrins. Indeed one of the best-
established paradigms of cellular trafficking, the leukocyte extravasation cascade, 
relies on integrin-mediated adhesion to the vascular endothelium as an early step of 
transmigration through the vessel wall (Adams & Shaw 1994, Butcher 1991, Carlos & 
Harlan 1994, Shimizu et al 1991, Shimizu et al 1992). However, while the 
indispensability of integrins in extravasation is uncontestable, endothelial adhesion 
does not reflect actual migration but rather a localized immobilization event. And 
indeed, various studies had reported that interfering with the function of specific 
integrins reduced, but did not completely abolish migration of leukocytes and several 
other cell types in vivo (reviewed in (Friedl & Brocker 2000)).  
 
In 1997, Malawista and de Boisfleury Chevance provided a simple and elegant proof 
that neutrophil granulocytes are able to migrate in confinement in the absence of 
integrin-mediated adhesion (Malawista & de Boisfleury Chevance 1997). They 
showed that both β2 integrin deficiency as well as total integrin inactivation by 
divalent cation chelation did not impair migration if the cells were confined between 
two closely adjacent glass coverslips, while migration on an open planar substrate was 
abolished under these conditions. One year later it was shown that integrin blocking 
by functionally active antibodies did not affect lymphocyte migration in 3D collagen 
gels (Friedl et al 1998a). To settle the question in vivo, Lämmermann et al used a 
genetic approach to knock out all integrins on leukocytes and formally proved that in 
vivo interstitial migration of dendritic cells can occur in the absence of integrins 
(Lammermann et al 2008). These findings were substantiated in several other 
physiological settings of 3D interstitial leukocyte migration, including neutrophil 
granulocyte migration in the skin (Lammermann et al 2013) and lymphocyte 
migration in lymphatic organs (Woolf et al 2007). Despite such clean examples the 
generality of integrin independence is not at all settled and it has been shown that 
under inflammatory conditions T cell migration in the skin seems to rely on integrin 
mediated adhesion (Overstreet et al 2013).  
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How wide-spread is the ability to display integrin independent migration is unclear. In 
culture, a number of cell lines including zebrafish early progenitors, cancer cells and 
cultured fibroblasts, have recently been shown to effectively migrate in the absence of 
integrins or talins, and on non-adhesive substrates, as long as the cells were provided 
with sufficient confinement (Bergert et al 2015, Liu et al 2015, Ruprecht et al 2015). 
In vivo, zebrafish primordial germ cells, which during early embryogenesis migrate in 
cellular environments with little extracellular matrix do not rely on integrin-mediated 
adhesions. Instead, these cells employ cadherin-based interactions with neighboring 
cells to transduce forces (Kardash et al 2010). Cadherin-based interactions can be 
viewed as another type of specific adhesions. An interesting example where non-
specific substrate interactions in vivo have been proposed, are Schwann Cells, which 
have recently been shown to migrate in an integrin-independent manner along blood 
vessels during axonal regeneration (Cattin et al 2015).  
 
Demonstrating integrin independence 
  
Although an increasing number of studies clearly prove that some cells can migrate in 
the absence of integrins, it is usually more difficult to demonstrate that such cells do 
indeed not employ integrins to migrate in vivo, or if integrin mediated adhesion is 
merely dispensable for their locomotion.  
 
Some evidence can be provided by measurements of cell velocity. When all integrins 
(or the universal integrin co-factor Talin) were deleted in dendritic cells, these cells 
did not show any significant change in migratory speed when migrating in an in vivo 
interstitium and in different fibrillar 3D matrices (Lammermann et al 2008). The same 
was true when dendritic cells (Renkawitz et al 2009) or cancer Walker 
carcinosarcoma cells (Bergert et al 2015) were confined under a layer of agarose. 
While such observations strongly suggest that focal adhesions, if present, do not play 
a major role in migration, they do not constitute unequivocal proof.  
 
Importantly, measurements of cell velocities alone can be misleading, as some cells 
appear to dispose of adaptive mechanisms to compensate for changes in substrate 
adhesiveness. For example, integrin-deficient dendritic cells confined under agarose 
migrate at the same speed as their wild type counterparts; to do so, the integrin-
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deficient cells compensate for inefficient force transduction and slippage between 
actin flows and the substrate by significantly increasing the rate of actin 
polymerization at the leading edge (Renkawitz et al 2009). Such compensation 
mechanisms are also observed in other cell types  (Barnhart et al 2011) and pose a 
significant challenge when studying the potential involvement of adhesion receptors 
in migration. To allow for clear conclusions any loss of function approach has to be 
complemented by precise monitoring of actomyosin dynamics, which is notoriously 
difficult in 3D and in vivo. 
 
The lack of specific adhesion involvement can also be more directly tested by 
monitoring fluorescently tagged focal adhesions components. Not detecting adhesion 
spots cannot demonstrate that faint attachment points are not present. However, when 
fluorescent monitoring of adhesion components is coupled to placing cells on 
substrates treated to prevent cell attachment and on which no spreading of detached 
cells is observed in the absence of confinement, it can be considered a strong 
indication that cells display adhesion-independent migration. Furthermore, cell shape 
can also be used as a readout of substrate adhesiveness, as non-adhering cells contact 
the substrate with a zero contact angle (Figure 2) (Evans 1992). While precise 
monitoring of fluorescently tagged focal adhesion components and cell-substrate 
contact angles can be readily achieved in culture, it is significantly more complex in 
vivo and in 3D matrices. For instance, in such thick samples adhesion points are 
difficult to visualize due to the detrimental effect of cytoplasmic background and to 
the complexity of cell shapes in such environments (Kubow & Horwitz 2011). 
 
In summary, demonstrating that any specific migratory cell type does not use specific 
adhesions remains difficult, particularly in 3D matrices and in vivo. Simple velocity 
measurements can be confounded by cellular functional plasticity. To be conclusive, 
such studies require a combination of approaches, including measurements of cell 
velocities, of actin dynamics, as well as monitoring of adhesion components and of 
cell shape dynamics.  
 
 
Conditions favoring focal adhesion-independent migration 
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Though actual adhesion-independence is difficult to prove, particularly in vivo, cells 
with weak substrate attachments contact the substrate with low contact angles and 
thus generally display the rounded morphology typical of amoeboid-like migration 
(Figure 2). Many migratory cell types can switch between mesenchymal and 
amoeboid migration modes, and conditions favoring mesenchymal-to-amoeboid 
transitions are thought to generally favor low-adhesion migration modes. These 
conditions include cell intrinsic factors: low levels of adhesion molecules, such as 
integrins, and high actomyosin contractility; and extrinsic factors: substrates not 
favoring cell adhesion, and strong confinement (Figure 3). 
 
Cell intrinsic factors favoring adhesion-independent migration 
 
Low levels, absence, or functional inactivity of integrins is the most obvious cell-
intrinsic factor favoring non-adhesive migration. As highlighted in section III, a 
number of cell types including dendritic cells (Lammermann et al 2008), neutrophils 
(Malawista & de Boisfleury Chevance 1997), lymphocytes (Friedl et al 1998a), 
Schwann cells (Cattin et al 2015) and some cancer cells (Bergert et al 2015, Liu et al 
2015), maintain the ability to migrate in confinement upon treatments interfering with 
integrin function. However, due to the difficulty to truly demonstrate the lack of 
involvement of integrins, it remains unclear if cells actually modulate integrin 
expression, function and localization during migration in vivo. 
 
High actomyosin contractility is another factor favoring amoeboid-like motility, as 
extensively reviewed elsewhere (Friedl 2004, Lammermann & Sixt 2009, Madsen & 
Sahai 2010, Pankova et al 2010, Wolf & Friedl 2006). In addition to being key in 
generating propelling forces for amoeboid migration, which relies on cytoplasmic 
flows generated by strong contractions at the cell rear, cortical contractility favors 
rounded cell shapes and could therefore directly counteract adhesion. Consistently, 
myosin IIA knockout in T-cells leads to impaired migration and increased cell 
spreading (Jacobelli et al 2010). Conversely, increased cortical contractility favors 
rounded amoeboid-like shape and non-adhesive migration in a number of cultured cell 
types (Bergert et al 2015, Liu et al 2015). Interestingly, increasing contractility by 
application of serum, or of Lysophosphatidic Acid (LPA), a serum phospholipid 
known to activate cortical contractility via the Rho/Rock pathway (Mills & 
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Moolenaar 2003), has been shown to induce adhesion-independent migration of 
isolated early zebrafish progenitors in confinement (Ruprecht et al 2015). The effect 
of contractility on cell velocity is less consistent. In T-cells migrating in non-adhesive 
micro-channels, inhibition of Myosin activity with blebbistatin has been shown to 
lead to decreased cell velocity (Jacobelli et al 2010). However, highly contractile 
cancer cells are not faster or penetrate further when invading dense collagen gels 
(Lautscham et al 2015). More systematic experimental investigations will be required 
to address the exact role of actomyosin contractility in triggering and driving adhesion 
independent migration. 
 
Cell extrinsic factors favoring adhesion-independent migration 
 
Modulating cell adhesiveness extrinsically, by placing cells in non-adhesive 
environments, is another obvious factor favoring non-adhesive migration. HL-60 
neutrophil-like cells, which migrate in a mesenchymal fashion on fibronectin-coated 
substrates, switch to amoeboid-like and apparently adhesion-independent migration 
when placed in confinement between two non-adhesive gels (Yip et al 2015). 
Decreasing substrate adhesiveness also induces rapid migration in mesenchymal cells, 
such as fibroblasts, epithelial cells and a variety of different cancer cells, in 2D 
confinement between two non-adhesive glass plates (Liu et al 2015). Similarly, 
reducing cell-substrate attachment by using substrates with non-adhesive coatings has 
been shown to increase the migration velocity of isolated zebrafish progenitor cells 
migrating in confinement (Ruprecht et al 2015). While these observations suggest that 
low adhesiveness is a positive factor favoring rapid adhesion-free migration, some 
level of cell-substrate interactions is required. Indeed, cancer Walker carcinosarcoma 
cells, which migrate effectively when confined in channels coated with various non-
adhesive molecules, cannot migrate in channels coated with Polyethylene-glycol 
(PEG) because the low friction provided by PEG is not sufficient to transmit friction 
forces between the cell and the channel walls (Bergert et al 2015). In contrast, other 
cultured cell types migrate when confined between two PEG-coated surfaces (Liu et 
al 2015); this could be due to cell-specific differences. It could also be due to the fact 
that the drag experienced by a cell migrating in a channel is substantially larger than 
for a cell confined between 2D surfaces, thus migration in a channel should require 
stronger traction forces for effective locomotion. What kind of substrates are 
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permissive for adhesion-independent migration and to what extent these are cell-type 
dependent is an important open question for future studies.  
 
Finally, increasing levels of confinement has been shown to favor adhesion-
independent migration in many cell types (Bergert et al 2015, Lammermann et al 
2008, Lautscham et al 2015, Liu et al 2015, Mills & Moolenaar 2003, Renkawitz & 
Sixt 2010, Ruprecht et al 2015). Physical confinement seems to be sufficient to switch 
neutrophils to an integrin-independent motility mode, in which the presence of 
integrins decreases cell speed and increases traction forces (Toyjanova et al 2015). 
Confinement has been shown to induce cytoskeletal alterations, which allows breast 
cancer cells to migrate in an adhesion-independent manner; interestingly this change 
in migration mode depends on microtubules (Balzer et al 2012). In summary, 
confinement, which is essential for maintaining cell-substrate attachment during 
adhesion-free migration (Figure 1), also appears to favor transitions towards low-
adhesive migration modes (Figure 3). However, too strong confinement has been 
observed to decrease and even stall migration (Harada et al 2014, Jacobelli et al 2010, 
Mak et al 2013, Malboubi et al 2015, Wolf et al 2013, Yip et al 2015)(Jacobelli et al 
2010, Yip et al 2015). A possible reason is that factors such as cell stiffness and the 
volume of the nucleus could interfere with locomotion when cells are placed in strong 
confinement (Davidson et al 2015, Harada et al 2014, Krause & Wolf 2015, 
Lautscham et al 2015, Mak et al 2013, Malboubi et al 2015). 
 
 
Which factors are modulated when cells resort to adhesion-independent migration in 
vivo remains to be investigated. Similarly to plasticity in other aspects of cell 
migration, such as the type of protrusion formed or the requirement for matrix 
metalloproteases for 3D migration (Bergert et al 2012, Friedl & Wolf 2010, 
Renkawitz & Sixt 2010), plasticity in adhesive engagement provides an important 
advantage for cells migrating through changing environments in vivo. This is 
particularly true for cells of the hematopoietic lineage and metastatic cancer cells, 
which are both capable of infiltrating diverse tissues. Finally, such plasticity could 
also be favoured during early development, where cells often encounter cell-rich 
environments with little assembled extra-cellular matrix. Careful experimental studies 
will be needed to unveil to what extent adhesion-independent migration contributes to 
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these various processes. Further investigation will also be necessary to reveal if this 




Force generation during migration without focal adhesions  
 
Several physical mechanisms have been proposed for force transmission between cell 
and substrate during migration without focal adhesions. Some of them remain purely 
theoretical while others have been to some extent tested experimentally. Below we 
highlight the main models of force transmission proposed.  
 
Cell migration by swimming  
 
It has been proposed that some cells may be able to migrate by swimming, i.e. 
generating propelling forces by coupling shape deformations to the surrounding fluid 
via hydrodynamic interactions. If experimentally confirmed, this would be the most 
extreme mode of adhesion-independent migration, since it does not require any solid 
substrate at all. 
 
The requirements for swimming-based propulsion at the cellular scale are 
fundamentally different from the swimming mechanics we intuitively understand 
from our swimming pool experience. This is because microscopic objects of the size 
of cells live in a world at low Reynolds numbers (Re), where inertial forces have no 
effect on their motion (Dusenbery 2009, Purcell 1977). Re is the ratio of inertial to 
viscous forces that are typically experienced by a moving object; it is a function of the 
object’s velocity, size, and density, as well as of the surrounding fluid’s viscosity. 
Macroscopic objects such as animals operate at high Re, in which inertial forces 
dominate over viscous resistance, meaning that a thrust at a given time will propel 
such an object for a non-negligible time period before it is stalled by viscous 
resistance. In contrast, microscopic objects, such as cells (and, interestingly, some 
very macroscopic objects such as the earth mantle), operate at low Re, meaning that a 
thrust propels them only as long as it is exerted (Purcell 1977). Practically, this means 
that in order to move forward, a cell must constantly exert propelling forces. Another 
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consequence of negligible inertia at low Re is that reciprocal shape change, where a 
swimmer goes through cycles of deformation followed by its exact reversal, would 
not propel an object as every step forward would be followed by the same step 
backward1. As a result, effective cellular swimming can not by achieved by cyclic 
movements like those of a human diver, but only by non-cyclic deformations, such as 
the corkscrew rotation of flagella (Blair 1990, Eisenbach 1990), asymmetric beating 
of cilia (Holwill et al 1995), or other asymmetric movements at the cell surface 
(Elgeti et al 2015). 
 
A recent computational model described what is essentially a swimming mechanism 
for the migration of blebbing cells (Lim et al 2013). The cells are described as shells 
of cortex under tension attached to a membrane and interact with their environment 
only through hydrodynamic forces. This model predicts that cell body displacement 
can be achieved through blebbing even for a cell freely floating in medium. The key 
mechanistic basis of this movement is that the cell shape changes displayed by the 
blebbing cell in this model are not reciprocal between bleb expansion and bleb 
retraction: the expanding bleb displays a roughly hemispherical shape, while the bleb 
neck spreads during retraction, leading to a more distended shape (Figure 4a). This 
results in the cell behaving like a Purcell swimmer, with maximum displacement 
being displayed during bleb expansion. While an interesting model, it is unclear to 
what extent this mechanism contributes to blebbing motility, which has mostly been 
observed for cells in confinement, where other forces resulting from the cell’s 
interaction with the substrate could dominate over swimming-based propulsion. It is 
unclear how much force would be generated by a bleb-driven swimming mechanism, 
and these forces would strongly depend on the asymmetry in bleb shape between 
expansion and retraction. However, bleb shape does not always significantly differ 
between expansion and retraction (Tinevez et al 2009), and non-adherent blebbing 
cells are usually not reported to move in suspension (Bergert et al 2012, Ruprecht et 
al 2015). 
 
Interestingly, it has been reported that Dictyostelium amoeba and human neutrophils 
can effectively move towards a chemoattractant while placed in suspension in a Ficoll 
                                                
1 Purcell called this principle the scallop theorem, because for similar reasons, a microscopic scallop at 
low Re would not be able to display forward motion (Purcell 1977).  
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gradient (Barry & Bretscher 2010). These observations suggest that these cell types 
can move by swimming. However, while lateral protrusions moving backwards could 
drive such swimming motion (Bae & Bodenschatz 2010), cell shape analysis does not 
appear to support this hypothesis and the cellular and physical mechanisms of their 
movement remain unclear (Howe et al 2013). 
 
To summarize, while swimming motion is in principle a plausible alternative to 
crawling motility, it has at this point received little experimental support and its 
potential contribution to adhesion-free migration in confined environments has not 
been investigated. 
 
Cell-substrate intercalations based force transmission 
 
A more commonly proposed mechanism for migration without specific substrate 
attachment points is based on the intercalation of protrusions forming at the sides of 
the cell into gaps and discontinuities of the substrate (Figure 4b) (Charras & Paluch 
2008, Renkawitz & Sixt 2010, Schmidt & Friedl 2010). Early descriptions of this 
mechanism were proposed following the observation that lymphocytes and 
neutrophils migrating through a 3D matrix extend lateral pseudopods that insert 
themselves into “footholds” in the matrix (Haston et al 1982, Mandeville et al 1997). 
These insertions led to matrix distortion, suggesting that forces were exerted on the 
footholds (Mandeville et al 1997). Later on, studies of cancer cell migration in 3D 
showed that treatments that interfere with the ability of the cells to rely on 
mesenchymal-based migration and matrix proteolysis, can trigger rounded cell shapes, 
suggestive of low substrate adhesion, and amoeboid-like migration with formation of 
non-polarized blebs around the cell body (Sahai & Marshall 2003, Wolf & Friedl 
2006). The exact mechanisms of this poorly polarized migration mode are 
incompletely understood, however the intercalation of lateral protrusions into gaps in 
the matrix is a plausible possibility (Tozluoglu et al 2013). A recent investigation of 
Schwann cell migration during peripheral nerve repair has shown that these cells, 
which appear to migrate without using focal adhesions through a densely packed 
tissue, form multiple lateral bleb-like protrusions; these lateral blebs could contribute 
to generating protrusive forces by forming interdigitations with neighboring cells 
(Cattin et al 2015). 
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Though the model is conceptually attractive, it has not been demonstrated as of yet 
that interdigitation of lateral protrusions with matrix gaps is sufficient to propel a cell 
forward in a 3-dimensional matrix. Furthermore, how much force can be generated 
via such a mechanism has not been experimentally investigated. A recent 
computational model has explored the theoretical requirements for rapid cell 
migration for different levels of cell contractility and protrusivity, adhesiveness and 
matrix geometries (Tozluoglu et al 2013). This study shows that in a discontinuous 
3D environment, inter-digitation of lateral protrusions into matrix gaps is the most 
effective of the migration modes explored by the model in this context. Interestingly, 
in the inter-digitation migration mode, fastest migration is achieved in the absence of 
specific substrate attachment, as adhesion can stall lateral protrusion dynamics and, as 
a result, slow down migration. While the model was not directly used to fit 
experimental data, the shapes and protrusion dynamics of the simulated cells are 
consistent with the shape dynamics of cancer cells migrating in vivo (Madsen et al 
2015).  
 
To summarize, a number of observations and theoretical considerations suggest that 
intercalation of lateral protrusions into gaps of a discontinuous 3D environment could 
allow cells to exert sufficient traction forces for confined migration. However, such a 
mechanism cannot explain cell movement in 3D environments with smooth surfaces, 
like microfabricated channels and microcapillaries (Liu et al 2015, Weigert et al 
2013), or in environments in vivo where protrusion intercalation between 
topographical surface features is not observed (Ruprecht et al 2015). 
 
“Pushing-off the walls”: chimneying force transmission 
 
An alternative mechanism, termed “chimneying” in reference to a climbing technique 
based on pushing off opposing rock faces, has been proposed to account for migration 
in confinement without requiring a discontinuous substrate (Figure 4c). Chimneying 
motility was, to our knowledge, initially proposed to account for the motility of 
human leukocytes in the absence of divalent cations (and thus unable to form specific 
adhesions) when confined between a slide and a coverslip (Malawista & de 
Boisfleury Chevance 1997). The same mechanism was then hypothesized to drive 
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confined motility of leukocytes isolated from patients with Leukocyte Adhesion 
Deficiency, a condition that affects integrin β2 function and the ability of white blood 
cells to form substrate attachments (Malawista et al 2000). To achieve chimneying 
migration, the cell has to be sufficiently confined (Malawista et al 2000), so that the 
cell can exert significant lateral pushing forces to wedge the cell body into place; 
protrusion expansion that extends the cell forward, can then effect cell body 
translocation (Charras & Paluch 2008, Paluch & Raz 2013, Renkawitz & Sixt 2010). 
 
Several quantitative models have been developed to explore chimneying cell 
migration mechanisms. A physical model using the active gel theory (Prost et al 
2015) to describe cytoskeleton behavior, investigated movement driven by a 
polymerizing actin network confined in a channel (Hawkins et al 2009). In this model, 
actin polymerizing against the membrane on the sides of the confined cell exerts 
pushing forces on the channel wall. The polymerization pressure leads to a build up of 
viscous friction between the cell and the channel walls. A denser actin meshwork at 
the cell rear, which could correspond to the cell nucleus, behaves like an elastic wall 
preventing counter-productive retrograde flow. In this model, actin polymerization 
against channel walls and basic viscoelastic properties of actin networks are sufficient 
to generate forward motion without any specific attachment between the cell and the 
substrate. This model has not been directly tested. However, it predicts a pressure 
gradient on the channel walls with a higher pressure and thus closer contact with the 
channel at the rear of the cell. Such a pressure gradient is consistent with Interference-
Reflection-Imaging, which visualizes how close a cell is to its substrate, of dendritic 
cell migrating in microchannels (Hawkins et al 2009), but not necessarily of other cell 
types, such as cancer Walker carcinosarcoma cells migrating in confinement (Bergert 
et al 2015).  
 
Interestingly, a recent experimental study of HL60 neutrophil-like cells migrating 
confined in micro-channels, reported that under these conditions, the cells display two 
distinct actin networks at the leading edge: a network growing against the free 
membrane at the cell front, and behind the leading edge, a network polymerizing 
perpendicularly to the channel walls (Wilson et al 2013). This second network could 
exert pressure on the walls and thus contribute to friction build up, as proposed in 
(Hawkins et al 2009). However, pushing forces could also result from intracellular 
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pressure. Another experimental study investigating HL60 neutrophil-like cells in 
confinement has recently quantified such pressure-generated pushing forces (Yip et al 
2015). Cells were confined between two polyacrylamide gel layers coated with 
Pluronic F127, which prevents the formation of specific cell adhesions. Under these 
conditions, HL60 cells switch from the lamellipodia-driven motility they typically 
display to amoeboid migration, with rounded shapes and leading edge bleb formation. 
By tracking beads embedded in the polyacrylamide gels, the authors could show that 
the cells generated mainly normal stresses on the walls, and that these pushing 
stresses were on the order of 200-400 Pa. Interestingly, the authors also observed that 
cell velocities are highest at an intermediate level of confinement, while too high 
confinement stalls migration (Yip et al 2015). They account for this observation in the 
context of the model described in (Lim et al 2013). In this model, increasing 
confinement increases intracellular pressure, which causes larger leading edge blebs 
and, as a result, higher cell velocity. For excessive confinement though, intracellular 
pressure is so large that spontaneous blebbing occurs at the rear of the cell, abolishing 
cell polarity and stalling directional migration (Lim et al 2013). While the model 
predicts the observed effect of confinement on cell velocity (Yip et al 2015), other 
factors such as a stalling effect of the nucleus could also cause the observed cell 
stalling at high confinement (Allena et al 2015, Davidson et al 2015, Krause & Wolf 
2015). 
 
Flow-friction driven force transmission 
 
Finally, mechanisms based on non-specific friction between the cell and the substrate 
have also been proposed to account for adhesion-independent migration (Hawkins et 
al 2011, Ruprecht et al 2015). There, intracellular forces generated by the 
cytoskeleton, such as flows of the actomyosin cortex, are transmitted to the substrate 
via non-specific friction (Figure 4d). A recent study investigating the mechanics of 
non-adhesive cell migration in confinement has shown that the shape and cortex 
dynamics displayed by Walker carcinosarcoma cells migrating in microchannels are 
well accounted for by a friction-based mechanism (Bergert et al 2015). Using a 
microfluidics device, Bergert et al also provided direct measurements of cell-substrate 
friction, which allowed them to measure the forces exerted by the migrating Walker 
cells on the substrate (discussed in the next section).  
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The molecular origin of non-specific friction has not been experimentally investigated. 
Friction could result from interactions between molecules at the cell surface and the 
substrate. In principle, any molecule with an extracellular domain and directly or 
indirectly coupled to the actin cortex could contribute. Transient weak interactions of 
such cell surface molecules with the substrate will necessarily occur if the cell is close 
enough to the substrate, and such friction would thus be favored by strong 
confinement. Friction-generating molecular components have not been 
experimentally characterized, however proteins such as cadherins, or the extracellular 
glycocalyx matrix are possible candidates (Friedl & Brocker 2000). Interestingly, 
friction could also arise from purely hydrodynamic interactions mediated by a thin 
layer of fluid remaining between the cell and the substrate. This type of friction is 
analogous to lubricated friction, well studied in engineering, and would be expected 
to be lower than a friction mediated by molecular interactions. Unveiling the 




Comparing the mechanics of focal adhesion-dependent and -independent 
migration  
 
Depending on the mechanism of force generation, adhesion-independent migration 
differs more or less fundamentally from focal-adhesion based migration. Force 
generation mechanisms based on swimming, lateral protrusion intercalation or 
chimneying rely on substrate coupling mechanisms completely distinct from traction 
forces exerted on focal adhesions. In contrast, friction-based force generation shares 
common characteristics with force generation in adhesive cells. This is particularly 
true of forces exerted by non-specific coupling of molecules at the cell surface with 
the substrate, which mostly differs from focal adhesions by the strength and lifetime 
of the molecular interactions involved. Importantly, in most studied cases, such non-
specific attachments are not sufficient to maintain a cell in contact with the substrate 
in 2D, whereas even weak integrin-based attachments can do so (Renkawitz & Sixt 
2010). Hence, migration based on non-specific cell-substrate interactions is usually 
restricted to cells in 3D confinement. A notable exception is Dictyostelium 
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discoideum, which migrates efficiently in 2D but does not appear to rely on specific 
adhesion molecules (Friedl et al 2001, Loomis et al 2012, Weber et al 1995). Another 
fundamental distinctive feature of friction-based migration is that no (for lubricated 
friction) or very little (for non-specific-interactions-based friction) force is required to 
detach the rear of the cell. In contrast, trailing edge detachment has been shown to be 
limiting cell velocity in adhesion-based migration (Gupton & Waterman-Storer 2006) 
This is amplified by the fact that adhesion complexes grow with increasing traction 
forces (Choi et al 2008, Riveline et al 2001). As a result, excessive adhesion slows 
down migration as trailing edge detachment becomes increasingly difficult, and cell 
velocity as a function of substrate adhesion strength follows a Bell curve relationship, 
with optimal speed being achieved for intermediate adhesion and high adhesion 
actually stalling migration (Gupton & Waterman-Storer 2006, Palecek et al 1997, 
Zaman et al 2006). In contrast, increasing non-specific friction, is not expected to stall 
migration and theoretical modeling predicts that cell velocity should reach a plateau 
above a given friction magnitude (Bergert et al 2015). More quantitative studies 
systematically investigating the effect of friction on cell migration will be required to 
address these questions experimentally. Identifying the mechanistic and molecular 
origin of friction will be necessary to truly understand the differences between 
friction-based to adhesive migration. 
 
Another important difference between adhesive and non-adhesive migration is the 
magnitude and distribution of the traction forces produced by the cell on the substrate. 
In adhesive migration, cells typically exert stresses (force per unit area) in the 
hundreds of Pascals, with peaks in the kPa range on strong focal adhesions (Balaban 
et al 2001, Dembo & Wang 1999, Gardel et al 2008). So far, only few studies have 
attempted to measure forces in non-adhesive migration. Yip et al analyzed the forces 
generated by neutrophil-like HL60 cells migrating between two layers of non-
adhesive polyacrylamide gel with embedded tracer particles. These traction force 
measurements reported that the stresses generated by the cells on the gel were 
dominated by normal stresses over 500 Pa, pushing on the gel, consistent with a 
chimneying mechanism (Yip et al 2015). The forces in the plane of the gel were of 
lower magnitude, but could reach a few 100 Pa. In contrast, traction force 
measurements of confined Walker carcinosarcoma cells did not detect any stresses of 
magnitude comparable to those exerted by adhesive cells, and direct friction 
 22 
measurements coupled to a quantification of actomyosin flows during migration 
revealed that the forces exerted by these non-adhering cells were on the order of 1 Pa 
or lower (Bergert et al 2015). Interestingly, in both studies, the forces exerted in the 
plane of the substrate by non-adhesive cells were distributed so as to expand the 
substrate (Bergert et al 2015, Yip et al 2015). This force distribution is inverted 
compared to what is typically observed for adhesive cells, which tend to contract the 
underlying substrate (Schwarz & Safran 2013). This distinction might have 
implication for cell-cell interactions, as the distribution of the forces exerted by a cell 
determines the pattern of substrate deformations it generates while it migrates, which 
in turn could be sensed and influence the migration of neighboring cells (Bergert et al 
2015, Schwarz & Safran 2013). 
 
The observation that the stresses exerted by non-adhesive migrating cells on their 
substrate can be in the Pascal range (Bergert et al 2015) raises the question of why 
adhesive cells exert stresses orders of magnitude higher. Importantly, the total force 
exerted on the substrate is not substantially changed: balance of forces at low 
Reynolds number requires that the sum of the forces exerted by a migrating cell 
exactly compensates the forces opposing migration. These forces are the viscous drag 
of the surrounding fluid, which is very low in 2D and in confinement between 2D 
surfaces and becomes higher for tighter confinement in microchannels or matrices, 
and, for adhesive cells, the resistance of the trailing edge to detachment. The 
observation that non-adhesive cells can migrate in tight confinement indicates that the 
low stresses they exert are sufficient to counteract even high viscous drag. The large 
stresses exerted on specific adhesions could thus be mostly employed to detach the 
trailing edge (Renkawitz & Sixt 2010). They could also become essential for cells 
migrating against flow, such as leukocytes migrating along blood vessels prior to 
extravasation, where the drag is substantially higher (Auffray et al 2007, 
Bartholomaus et al 2009, Phillipson et al 2006). Furthermore, the strong substrate 
deformations induced by integrin-based adhesions on soft substrates can be used by 
cells to sense substrate stiffness and are essential for durotaxis, i.e. migration up 
stiffness gradients, displayed by many adherent cells (Plotnikov & Waterman 2013). 
Whether non-adherent cells are able to sense substrate stiffness by other means, e.g. 
via pushing forces, has not yet been investigated. 
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Taken together, even though quantitative data on the forces exerted by cells migrating 
in a non-adhesive manner are scarce, they suggest that the mechanics of cell body 
translocation could substantially differ from adhesion-based migration. A systematic 
investigation of force distributions during non-adhesive migration, particularly in vivo, 
though made challenging by the low magnitude of the forces involved, will be 
required to clarify to what extent adhesive and non-adhesive migration constitute two 
mechanically distinct crawling locomotion modes. 
 
 
Future challenges and open questions 
 
Migration in the absence of focal adhesions has emerged over the past decade as a 
possibly common alternative to adhesive migration for cells in 3D confinement. 
Several recent experimental studies have unambiguously shown that migration 
without integrin-based adhesions is possible in a variety of confined environments, 
both in culture and in vivo. Understanding to what extent this migration mode is 
spontaneously adopted by cells migrating during physiological or pathological 
processes in vivo remains a key open question for the future.  
 
Another key open question is how propelling forces are generated during adhesion-
independent migration. Several physical mechanisms have been proposed and some 
of them, such as cell-substrate intercalation and friction-based force transmission, are 
supported by experimental observations. It is conceivable that different cell types rely 
on different force generation mechanisms, or that different types of environments 
favor distinct modes of force generation. Some mechanisms could act in synergy. For 
instance, surface irregularities might enhance cell-substrate friction, however, large 
irregularities could also contribute to cell-substrate intercalation mechanism. Truly 
understanding the non-adhesive cell motion will require systematic studies of the 
forces exerted by non-adhesive cells and of the microscopic and molecular origin of 
these forces. Such an enterprise will necessitate a combination of cell biology, intra-
vital microscopy, biophysics, and engineering of microenvironments mimicking in 




Finally, it would be interesting to investigate non-adhesive migration from an 
evolutionary perspective. Because it does not require any specific molecular 
interactions, it is tempting to speculate that non-adhesive migration represents an 
ancestral crawling migration mechanism. If this were the case, it raises the question of 
whether integrin-based adhesions have evolved to enable more efficient migration, or 
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Figure 1. Requirements for migration on 2D substrates versus 3D confinement 
(a) Migration on a 2D surface: cells rely on substrate anchoring (purple dots) to 
counter Brownian motion. (b) In 3D environments, confinement ensures sustained 
contact between the cell and the substrate and counters Brownian motion; specific 
attachment points are thus not required. 3D confinement is achieved e.g. for cells 
migrating through a 3D matrix or in a microfabricated microchannel, or a 
microcapillary in vivo. 
 
 
Figure 2. Mesenchymal versus amoeboid migration.  
Overview of mesenchymal and amoeboid migration. Key molecules required for 
migration, cell velocities and typical cell shapes are highlighted. (a) Mesenchymal 
migration can be achieved on a flat 2D surface. Cells typically display a flat, spread-
out morphology due to substrate anchoring (purple dots), resulting in a high contact 
angle between the cell and the substrate. (b) Amoeboid migration often requires 3D 
confinement. Cells are round and do not adhere or adhere only weakly to their 
substrate via unknown molecules, resulting in low contact angles between the cell and 
the substrate.  
 
Figure 3. Conditions favoring non-adhesive migration.  
Transitions between adhesive and non-adhesive migration can be favored by several 
cellular and environmental parameters. Low levels of substrate adhesion, high 
actomyosin contractility activation and high levels of confinement tend to favor 
adhesion-independent migration. These different parameters are not necessarily 
independent (e.g. high contractility can reduce adhesiveness), which makes 
understanding transitions between adhesive and non-adhesive migration a complex, 
multi-parameter problem. 
 
Figure 4. Force generation mechanisms during adhesion-independent migration. 
Schematic representation of different physical mechanisms of force generation and 
transmission during migration in the absence of focal adhesions. The pink line 
represents the actomyosin cortex, with dark pink showing strong cortex contractility 
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and light pink a weak cortex. (a) Intercalation of lateral protrusions into substrate gaps 
could serve as fooholds to drive cell migration. This type of migration could be 
particularly effective in 3D matrices and in crowded inhomogeneous environments in 
vivo (Tozluoglu et al 2013). (b) Chimneying migration of cells in confinement. 
Lateral pushing forces against the surrounding substrate keep the cell body in place, 
allowing for high cortical contractility at the rear and protrusion expansion at the front 
to drive locomotion (Hawkins et al 2009). (c) During flow-friction driven migration, 
forces generated by contractile flows of the actomyosin cortex are transmitted to the 
substrate via non-specific friction (Bergert et al 2015). The molecular origin of 
friction is not known. (d) Swimming migration of blebbing cells. Asymmetric shape 
deformations during bleb expansion and bleb retraction combined with hydrodynamic 
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